Siberia and Western Russia are home to over 40 culturally and linguistically diverse indigenous ethnic groups. Yet, genetic variation of peoples from this region is largely uncharacterized. We present wholegenome sequencing data from 28 individuals belonging to 14 distinct indigenous populations from that region. We combine these datasets with additional 32 modern-day and 15 ancient human genomes to build and compare autosomal, Y-DNA and mtDNA trees. Our results provide new links between modern and ancient inhabitants of Eurasia. Siberians share 38% of ancestry with descendants of the 45,000-yearold Ust'-Ishim people, who were previously believed to have no modern-day descendants. Western
INTRODUCTION
Understanding the population history of Siberian and the Trans-Uralic region (the territory to the West and East of the Ural Mountains) is of great historical interest and would shed light on the origins of modern-day Eurasians and populations of the New World. Large-scale population genetic mapping efforts such as 1000 Genomes 1 and HapMap 2 have not analyzed populations from these regions despite their prominent role in peopling of Eurasia 3, 4 and America for the Denisova and Neanderthal samples) were re-analyzed starting from raw sequencing reads using the same set of tools, parameters and filtering criteria as the other genomes in this study (Supp.
Information). After SNP calling and filtering, we constructed a full autosomal TreeMix 24 admixture graph (Supp. Fig. 3-4 ) using a set of 25,589,077 genome-wide high-quality autosomal SNPs. TreeMix models demographic scenarios in the form of a bifurcating tree, allowing for admixture events between individuals and populations to provide insights into hidden demographic events of the past.
Consistent with the model of out-of-Africa human migration into other parts of the world, the tree model places African populations as outgroups relative to Eurasian and Native American people.
Furthermore, non-African populations are clustered into two primary groups: one group that includes South Indians and all European populations (except for Kalmyks, who migrated to the lower Volga region in Eastern Europe from Dzungaria, a region in northwestern China, in 17th century 25 ) , and one that encompasses Papuans, Native Australians, all Asian and Siberian people. The inferred admixture events further suggest that significant gene flow exists between South Indians and Malaysians as well as South Indians and Native Australians, tracing 8% (95% CI: 5-10%) of the South Indian ancestry to the population ancestral to Malaysians and 19% (95% CI: 17-20%) to Native Australians. Furthermore, Han, Dai, Sherpa and Malaysians, the East Asian populations, have significant admixture with peoples related to Australian Aboriginals accounting for 19% of their ancestry. Consistent with previous reports 5, 26 , we also observed gene flow from a population related to Denisovans and Neanderthals into the common ancestor of Papuans and Australian Aboriginals accounting for 18% (95% CI: 17-20%) of their ancestry. This estimate is higher than the previously reported 3-8% admixture, which we also reproduced using a smaller set of only eight modern individuals (Supp. Fig. 6 ). The higher estimate is also robust to using other methods such as F4-ratio test 14 , which indicates that 17-21% of Australian Aboriginal ancestry and 26-30% of Papuan ancestry is hominine-related (Supp. Fig. 24 ). The higher percentage of hominine-related admixture among
Oceanians reported here (Supp. Fig. 3 ) is likely explained by a more accurate phylogenetic TreeMix model, since it incorporates nearly an order of magnitude more individuals compared to previous studies, including Siberian populations, which were not previously used for this inference.
To reveal weaker admixture events within Siberian and European groups, we excluded the admixed Papuan, Native Australians, South Indians and Malaysian individuals and recalculated the tree model ( Fig. 2 ). In this phylogenetic inference, the Western Siberian populations of Khanty, Mansi and Nenets appear as an early diverging group related to other European populations. The tree model suggests that 43% (95% CI: 38-47%) of the Western Siberian ancestry can be attributed to an admixture with a group related to modern-day Evenki people. Furthermore, Nenets share 38% (95% CI: 31-46%) of their ancestry with a group related to Even people. Consistent with this prediction, we observed particularly high affinity between Mansi and Evenki as well as between Nenets and Even people based on the D-statistic 27, 28 (Supp. Fig. 7a -b, 8a-b). TreeMix inferred admixture between common ancestors of Mansi, Khanty and Nenets and Andean Highlanders that accounts for 6% (95% CI: 4-8%) of the Western Siberian ancestry. This admixture can be explained by a lineage of Ancient North Eurasians ancestral to both Western Siberians and Native Americans and is discussed later.
Phylogenetic trees provide simplified demographic models. The lengths of branches are expressed in the units of drift parameter, and can be affected by population bottlenecks, further complicating the inference of population divergence time. Therefore, we used an alternative MSMC method 29 (Supp. Information) that calculates separation times between pairs of populations ( Fig. 3a) . As a proxy for separation time of two populations, we utilized the time at which the relevant cross-coalescence rate became 0.5 (Fig. 3b ).
The MSMC results suggested that Mansi, Khanty and Nenets separated relatively recently (4.8
thousand years ago or kya) after experiencing admixture with Evenki group (Fig. 2 38 , Nenets (97%) 39 and Nganasan (92%) 39 . Among Eastern Europeans, it is mainly found in certain Russian groups (71%) 40, 41 and Komi (70-75%) 42 where it reaches high frequency among Finns (58%) 43 and Saami (47%) 39 populations. This cluster 
Comparison with ancient genomes
Examining genetic affinities relative to ancient genomes uncovers ancient demographic events and reveals genetic links between present-day individuals and ancient ancestral populations. We considered 15 ancient genomes (Supp. The TreeMix model placed the Ust'-Ishim individual as an outgroup relative to the split between European and Asian clades ( Fig. 6 , Supp. Fig. 14) . Furthermore, the common ancestor of Siberians and East Asians traces 38% (95% CI: 28-48%) of the ancestry to Ust'-Ishim's lineage. In agreement with this, the D-statistic ( Fig. 5c , Supp. Fig. 13c , Supp. Fig. 15 ) showed that East Asians and Eastern Siberians had higher genetic affinity with Ust'-Ishim than modern Europeans.
Our data predicts that 41% (95% CI: 36-45%) of the ancestry of Andean Highlanders, the Native Americans, is attributable to the ANE lineage represented by ancient Siberians MA-1 and AG-2 ( Fig. 7 ;
Supp. Fig. 16 ). This agrees with previous reports that Paleo-americans trace approximately 42% of their autosomal genome to an ancient Eurasian lineage related to MA-1 5 . Surprisingly, our tree model also grouped Mansi and Nenets people together with the ancient individuals MA-1 and AG-2, demonstrating the genetic link between modern Western Siberians and ancient North Eurasians. We tested this prediction using the D-statistic, by evaluating whether a modern individual shared significantly more derived alleles with MA-1 or AG-2 than with the East Asian Han individual ( Fig. 5d , Supp. Fig. 17a ). Indeed, among non-Europeans Mansi, Khanty, Nenets and Native Americans all have very strong ANE ancestry, demonstrated by their significant genetic affinities with MA-1 and AG-2. Furthermore, the TreeMix model ( Fig. 7 ) inferred that 43% of Mansi ancestry was derived from the admixture with a population related to Eastern Siberians Evenki and Even, while 57% is attributable to the ANE ancestry. The European-related ancestry signals within Mansi genomes are unlikely to be explained by a recent admixture of Mansi with Komi (Supp. Fig. 18 ), suggesting that Mansi are descendants of Siberian ANE people as well as Eastern
Siberians with similar proportions of both ancestries.
The tree model with the 4,000-year-old genome of Saqqaq from Greenland 34 showed that Saqqaq was related to both East Asians and Eastern Siberians, and 12% of its ancestry was shared with the ancestral population of Even (Supp. Fig. 19-20 ). The D-statistic (Supp. Fig. 7e , 8e) also demonstrated the strong genetic affinity between Saqqaq and the Even population.
We further analyzed SNP data from the Holocene Eastern European hunter-gatherers 44 Siberians also shared part of their ancestry with Pitted Ware Culture (PWC) 5,000-year-old hunter-gatherers from Sweden Ire8 and Ajv52 33 . Ajv52 and particularly Ire8 had strong admixture signals with Western Siberians Mansi ( Fig. 5e , Supp. Fig. 17b ), suggesting that like the closely related Yamnaya culture, they had strong ANE ancestries likely due to admixtures with Mansi-related population.
DISCUSSION
In this work we examined genetic history of several Siberian and Eastern European populations.
We have summarized our findings in a geographical dispersion model ( Fig. 8 Fig. 3 ) as well as 100% of bootstrap replicates (Fig. 6 ).
The TreeMix model ( Fig. 6 ) suggests that Eastern Siberian and East Asian populations shared a surprisingly large amount of ancestry (38%) attributable to ancient Siberian Ust'-Ishim, pointing to the very ancient origins of indigenous Siberians. However, the degree of shared ancestry with Ust'-Ishim should be interpreted with caution, given the multiple assumptions of the TreeMix models, such as instantaneous gene flows underlying admixture events and small amounts of genetic drift between populations. The shared ancestry of Eastern Asians, Siberians and Ust'-Ishim is also supported by the Dstatistic ( Fig. 5c , Supplementary Fig. 13c , Supp. Fig. 15 ), which showed that modern Eastern Asians and Eastern Siberians share more alleles with Ust'-Ishim compared to modern Europeans. Another line of evidence pointing to affinity of East Asians and Eastern Siberians with Ust'-Ishim was given by the Ychromosome haplogroup analysis (Supp. Fig. 12 ). We showed that Ust'-Ishim was a member of the NO clade, predating the split of between Eastern/Southern Asian major Y-DNA haplogroups O and N, which our data suggests is of Eastern Siberian origin. This indicates that the split between N and O clades likely occurred in Siberia or Asia, rather than in Europe. Therefore, based on the new genome-wide data, our work provides a more accurate interpretation of patterns observed in the original Ust'-Ishim study 11 .
Our analysis indicates that Ust'-Ishim lived approximately 41,000 years ago. However, the estimated age of Ust'-Ishim depends on the mutation rate of Y-chromosome, that is not yet definitively established. If this parameter is changed, the split times of all haplogroups would scale up or down accordingly by the same percentage. Therefore our results indicate a potential discrepancy of approximately 10% between ages inferred using Y-chromosome mutation rate and ages of fossil bones inferred using chemical methods. Therefore, further systematic studies would be necessary to reconcile the estimates produced by the two methods.
The large-scale TreeMix analysis, which was free of ascertainment biases, revealed several previously unknown admixture events. We observed particularly robust admixture (5%) between unknown African population and East Asians Han, Dai, Sherpa and Malaysians (Fig. 2, Fig. 7 , Supp. Fig. 19 ), consistent with survival of multiple human lineages in East Asia 45 , which contributed to genetic makeup of modern-day Asian populations. These results were also supported by the D-statistic analyses (Supp. Fig.   22 ), which showed that Dinka and Mbuti likely harbor signals of admixture with East Asians after they diverged from European populations represented by French, Belarusian or CEU (Z=0.8-2.2). However, these results should be interpreted with caution since the tests did not reach statistical significance of Z>=3. More in-depth analyses would be required to identify the specific African populations that could have contributed specifically to the East Asian ancestry. Evenki into the common ancestors of Western Siberians (Fig. 2) . The ANE-related ancestry is also significant among Northeastern European populations such as Mezen Russians, Komi, Karelians and Veps ( Fig. 5d ), suggesting their shared ancestry with Western Siberians. These northeastern European populations are also admixed with Eastern Siberians such as Yakut, Buryat and Even ( Fig. 5a-b Fig. 21a ).
Yamnaya people shared more alleles with Mansi than Western Europeans French and Sardinian (Supp. Fig. 21b ), supporting shared ANE ancestry among Mansi and Yamnaya people. And importantly, Yamnaya people have greater affinity to Mansi than to Eastern Siberian population of Even (Supp. Fig. 21c ), favoring
Western Siberians over Eastern Siberians as specifically contributing to the Yamnaya ancestry. The Pitted
Ware culture Ire8 and Ajv52 samples from Sweden, who are genetically related to the Yamnaya people 44 , also harbor similarly high admixtures with Mansi (Fig. 5e, Supp. Fig. 24 ) and weak affinity with Eastern
Siberians. Our work therefore establishes ancient genetic links of Siberian, European and Asian populations across 50,000 years.
DATA AVAILABILITY
All sequencing data and SNP calls from the individuals that were sequenced as part of this study were deposited into the Sequence Read Archive (SRA) under the accession number PRJNA267856.
Genotyping data was deposited to GEO (GSE70063). Autosomal TreeMix admixture graph that includes ancient 7,000-year old La Brana (Spain) and lowcoverage genomes of ancient Siberians MA-1 and AG-2. Residual plot for this graph is shown in Supp. Fig.   16 . 
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Figure 1
• • Autosomal TreeMix admixture graph based on whole-genome sequencing data from 44 individuals primarily from Africa, Europe, Siberia and America. The X-axis represents genetic drift, which is proportional to the e ective population size N e . Admixture events are shown with arrows, with admixture intensities indicated by percentages. Residuals are shown in Fig. S5 
